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Wide-field subdiffraction imaging by accumulated

binding of diffusing probes
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A method is introduced for subdiffraction imaging that accumu-
lates points by collisional flux. It is based on targeting the surface
of objects by fluorescent probes diffusing in the solution. Because
the flux of probes at the object is essentially constant over long
time periods, the examination of an almost unlimited number of
individual probe molecules becomes possible. Each probe that hits
the object and that becomes immobilized is located with high
precision by replacing its point-spread function by a point at its
centroid. Images of lipid bilayers, contours of these bilayers, and
large unilamellar vesicles are shown. A spatial resolution of ~25
nm is readily achieved. The ability of the method to effect rapid
nanoscale imaging and spatial resolution below Rayleigh criterion
and without the necessity for labeling with fluorescent probes is
proven.

diffusion controlled | fluorescence | single molecule

For the purpose of visualizing biological processes and struc-
tures, it is essential to develop new methods that can deter-
mine the spatial locations of molecules with the highest possible
precision. The submolecular methods of spatial resolution such
as x-ray and electron topography, atomic force microscopy, and
near-field optical microscopy have contributed enormously to-
ward this goal. However, new approaches that are not invasive
to biological objects and are accessible to bulk, as well as surface
structures, could have a significant impact and could address
many new questions in the life sciences (1). Optical methods
based on fluorescence detection do have single-molecule sensi-
tivity and can be arranged to be nondestructive even when
performed in natural environments, incorporating such complex
and sensitive structures as living cells. In principle, optical
responses can probe the entire 3D space. Although diffraction
limits the spatial resolution of optical methods, many approaches
have been developed recently that allow distance measurements
on scales that are much shorter than the wavelength of the light.

It is possible to specify the location of a single molecule with
very high precision from measurements of its fluorescence by
fitting the emitted intensity distribution to the 2D spatial pa-
rameters of the point-spread function (PSF). This approach has
been shown to locate emitters with ~1-nm precision (2). The
distance between two optically different molecules can be esti-
mated by FRET methods that can serve as molecular rulers at
nanometer accuracy (3). Two molecules emitting light at differ-
ent frequencies have also been resolved by means of PSF
measurements. Even for molecules having the same spectra, the
process of photobleaching causes the fluorescence source to be
switched between molecules. When combined with a PSF mea-
surement, this approach has been able to distinguish pairs (4)
and quartets (5) of molecules with nanometer precision. Another
approach has been to analyze the blinking trajectory of the
emission of quantum dots to distinguish between a single dot and
groups of them clustered on the nanometer scale (6). The
intermittency in the fluorescence signal caused by diffusion-
controlled collisions of a fluorescent probe with objects of
interest was recently introduced as a method of subdiffraction
imaging (7). It permitted the identification of two closely local-
ized 50-nm-radius vesicles. Most of these methods of subdiffrac-
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tion visualization of the structure of groups of particles are based
on the principle of time separation of detection; only one
molecule at a time is in a bright state.

Objects having different shapes can be distinguished from the
distribution of point positions of fluorescent probes that are
bound to them. If the probes are localized at nanometer preci-
sion by PSF methods, the boundaries of the object may also be
visualized on the nanometer scale from a high-resolution image
of the distribution of points. Nanometer-localized multiple sin-
gle-molecule fluorescence microscopy (8) has been used to
create images of short DNA fragments by combining centroid
localization and photobleaching of a small number of single
chromophores. Localization of a much larger set of probes,
sufficient to provide an outline of a complete structure, was
recently demonstrated for intracellular proteins in a method
termed photoactivated localization spectroscopy (9). DNA frag-
ments were visualized at a resolution of 20 nm with photoswitch-
able fluorophores by stochastic optical reconstruction (10).
These approaches have much-improved statistics, yet they rely
on the photophysical characteristics of photoactivatable fluo-
rescent proteins or photoswitchable dyes.

In the present paper, a method of high-resolution imaging is
introduced that combines the concepts of intermittency caused
by bimolecular collisions (7), photobleaching, and PSF measure-
ments. In this approach, the collision followed by binding
generates a fluorescence signal spike, so an almost unlimited
number of probe molecules can be used to form entire images
that could readily be acquired with nanometer resolution.

Principles of Point Accumulation for Imaging in Nanoscale Topogra-
phy. In the points accumulation for imaging in nanoscale topog-
raphy (PAINT) method, the object to be imaged is continuously
targeted by fluorescent probes present in the solution. The flux
of molecules incident on the object depends on the diffusion
coefficient and concentration gradient of the probes. A fluores-
cent signal appears as a diffraction-limited spot on the object
when a label binds to it and is immobilized; it is destroyed when
that label dissociates from the object or is photobleached. In
general, it is not necessary to specify the nature of the binding
that may arise from specific or nonspecific interactions. For
example, it might depend on an electrostatic coupling or a
hydrophobic interaction, as in the examples we provide herein.
The collision rate of probes with a single object is easily
controlled, because it depends linearly on the concentration of
the probes. The rate of appearance of fluorescent spikes is then
approximated by the diffusion-controlled bimolecular reaction
rate constant (11) times the probability that a collision will lead
to a binding configuration that generates a signal from the probe
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(12). Further discrimination between locations in an image can
be obtained if the probe fluorescence is sensitive to the chemical
composition of the object.

In the PAINT procedure, the density of probes on the object
surface should be kept below one molecule/um? during each
observation period. For this condition, every fluorescent image
can be treated as a PSF from a single molecule and can be fitted
to a 2D Gaussian function to achieve its absolute position with
high precision. To meet this requirement, the time between
subsequent observation frames is set to be longer than the on-
time of the fluorescence burst of a probe, which may be
determined by either the natural residence time or the photo-
bleaching time, but the frame length of an image is set to be
shorter than the period between collisions. The signaling mol-
ecules are then guaranteed to be deactivated between successive
image recordings. More quantitatively, the number of molecules
targeting a circular area wR? in unit time from a solution
containing N molecules per unit volume is given by a Smolu-
chowski-type (13) relation, 4DRN (s™'), where D is the diffusion
coefficient. Therefore, in the steady state, the number of probes
on the object is 4DRN (Ton), Where (7o) is the mean time that the
probe spends associated with the object before it undergoes
dissociation or is photobleached.

In general, the deactivation rate, (on)" !, is the sum of the
mean rates of photobleaching and dissociation of the probe from
the object, if it is assumed that the probes all act independently
of one another. The rate of bleaching depends on the excitation
intensity and the photochemical and photophysical properties of
the probe in its surrounding medium (14). Its contribution can
be controlled in an imaging experiment by varying the power
density of the excitation and the ratio between the observation
time for a single frame and period between frames. The time
spent by the probe on the object is an intrinsic property that
depends on the interaction of the probe with the object being
imaged. Thus, by varying the concentration of probes in the
solution and the light intensity, the proper conditions of probe
density can easily be found. Because the number of probe
molecules in the surrounding solution is not significantly de-
pleted by the photobleaching that occurs on only one relatively
small illuminated object, the required image can be achieved by
the accumulation of as many image frames as are needed. The
image is formed by overlapping these frames. The total record-
ing time is limited by the mechanical stability and possible
movements of the objects relative to the light collection system.

Results and Discussion

Imaging of a Large Unilamellar Vesicles (LUVs). To demonstrate the
method we imaged LUVs, which have relatively well defined
shapes when attached to a glass surface. These vesicles have been
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Fig. 1. The total integrated intensity vs. time for a single vesicle probed by
Nile red. The intermittency is caused by fluorescence bursts of Nile red mole-
cules undergoing collisions with the lipid bilayer.

well characterized (15). The probe was chosen to be Nile red
because the collisional kinetics of Nile red with LU Vs has been
studied in detail (12). Nile red does not fluoresce in water but
exhibits strong fluorescence in a hydrophobic environment, such
as the lipid core. The mean residence time that was reported
previously for Nile Red associated with liquid-phase LU Vsis ~6
msec when the vesicle radius was chosen as 50 nm (12). With the
present conditions of Nile red concentration (107° M or N =
6:10'" cm~3) and laser-power density (1 kW/cm?), we found that
the probability of observing two fluorescent molecules on a
single LUV is very low. The fluorescence image contains
approximately one to two fluorescent bright spots per wm?, each
one corresponding to a vesicle, reminiscent of a single-molecule
image. We collected 4,095 frames of an area of 40 X 40 uwm? at
a rate of 50 frames/sec. A short piece of fluorescence trajectory
obtained by averaging of the signal in the diffraction-limited area
of a single LUV is shown in Fig. 1; it exhibits the intermittency
that has been observed in previous work, attributed to collisions
of Nile red with the LUV. The large fluctuations in the peak
intensity arise because of the broad distribution of residence
times. The fragments (3 X 3 um?) of the regular fluorescent
image and a synthetic image obtained as described above are
shown in Fig. 2 a and b. The single vesicles are well resolved in
a large area of observation, and the synthetic image contains
details that could not be resolved by standard fluorescence
imaging. A total of 6,494 spots were overlapped to form the
synthetic image. On average, there was a 10% chance of a probe
molecule appearing on a single LUV in each of the 20-msec
frames. Thus the apparent collision rate was 5 Hz, somewhat
lower than seen in the confocal experiments (12), which had
better time resolution.

To minimize the effects of thermal and mechanical instability,
the overall recording time was kept as short as possible. This
constraint is met by making the concentration large. On the

0.2 um

Fig. 2. Imaging of vesicles. Fluorescence image (a) and synthetic high-resolution image (b) of vesicles attached to a glass surface. The synthetic image, obtained as
described in the text, displays the average coordinates of single fluorophores. (cand d) Fluorescence and syntheticimages of two vesicles with a center-to-center distance

of ~200 nm.
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Fig. 3. Spatial distribution of fluorescent spots. (a) Example of a density

distribution of fluorescent spots around the center of a vesicle. The solid line
represents a Gaussian fit with o = 28 nm. (b) Histogram of distribution widths
obtained as in a for 185 vesicles. (c) Distribution of points density obtained by
simulations for 50-nm-radius disks without any diffusive motion of the probes
(dots) and with diffusion (D = 3 um?%/sec) for different residence times of 1 (dash),
10 (solid), and 100 (dash-dot) msec.

other hand, the concentration must be low enough that two
probes do not arrive on a single vesicle within a single time frame.
On average, we arranged to have one probe appearing on an
LUYV every 10 frames, so that there was a 1% chance of a probe
appearing on each of two vesicles within one time frame. Some
of the images in Fig. 2b show a connection between nearby
vesicles. This connecting region is caused by the infrequent
occurrence during one frame of one probe on each vesicle.
Under the present conditions, a single collision leading to light
emission occurs about every 10 frames, whereas the double
collision occurs every 100 frames. When there is a double event,
the fitting procedure gives the mean location, which is a point
between the two vesicles. The dumbell shape near the center of
Fig. 2b consists of 775 total points, with 48 of them located
between the vesicles, close to these expectations. Vesicles that
are further apart do not show these connecting regions because
of the constraints on the eccentricity of the fitting function. In
this experiment, the average probe density over the entire image
was ~10 probes/um?, 10 times higher than required for the
wide-field imaging of extended shapes; however, it was low
enough for imaging of separately located vesicles on the glass
surface.

An averaging effect is expected if the imaged molecule is
undergoing significant motion during the frame time. One of
many experimental distributions of the density (number per unit
area) of fluorescent spots versus their distance from the centroid
is shown in Fig. 3a. For a circular or hemispherical vesicle, the
centroid is at the center of the circular distribution. The 1/e
widths of these distributions (Fig. 3b) were not correlated with
the number of points present in the synthetic images of the
vesicles. The average width was 27 nm; the sizes of the LUVs in
Fig. 2 b and d appear larger in the synthetic image, because the
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pileup of dots at the center is not easily visualized from the
figure. According to the foregoing discussion, the collision rate
and hence the number of fluorescent probes accumulated on a
vesicle surface during a give time interval should be proportional
to the vesicle radius. This has been proven experimentally in
other types of experiments (12). However, a diminution of the
correlation between the number of spots and the apparent
vesicle radius is expected if the fluorescent probe moves signif-
icantly during the frame time. Indeed, one would expect to
measure an average coordinate if sufficiently rapid diffusion
were present. This situation prevails for Nile red in the vesicles.
The lateral diffusion coefficient for the bilayer at room temper-
ature is 2-5 um?sec (16), and the residence lifetime of the Nile
red probe on the vesicle surface is in the millisecond range.
Therefore, if the probe is diffusing, its average displacement is
expected to be larger than the dimensions of the R = 50-nm
vesicle.

We performed simulations for a probe diffusing on a circular
disk with radius 50 nm. One thousand initial positions of the
probes were chosen from a uniform distribution on the circle.
Each initial point was assumed to undergo Brownian diffusion
with mean-square displacement 4Dt, where D is the diffusion
coefficient, and ¢ is the on time. All of the resulting coordinates
of a probe, each assumed to have a 148-nm PSF, were overlapped
to define the simulated image of that diffusing fluorophore. This
image was then fitted to a 2D Gaussian as described in the
processing section.

The distributions of the density of points are shown in Fig. 3¢ for
different residence times of 1-msec (dash), 10-msec (solid), and 100-
msec (dash-dot) lines. The dotted line represents the distribution in
the absence of diffusion (D = 0), and in this case the distribution
width is equal to the disk radius. For diffusing probes, the width is
significantly smaller; at our experimental conditions (r = 1-10 ms),
the expected width is only several nanometers if the probe is
undergoing diffusion. Thus, the diffusion of the probes on the small
vesicles allows the location of the vesicle center to be determined
with high subdiffraction accuracy, but it influences the apparent
shape. The width of the experimental distribution is 27 nm, which
originates from the uncertainty in the probe localization. However,
the absolute location of the centroid of the area over which the
probe is moving is, in principle, determined to subnanometer
accuracy; the standard deviationis o = o,,/ 2N — 1), where o,
refers to a single measurement, and N is the number of probes
forming the image. In the present experiments, where N was
typically 500, the precision was 0.85 nm.

It has been demonstrated that two vesicles in close contact can
be resolved by the PAINT method. The diffraction-limited spot
in the regular image of Fig. 2c shows a single peak, whereas the
synthetic image (see Materials and Methods) of Fig. 2d clearly
shows two separate distributions of spots whose center-to-center
distance is 202.4 nm. We conclude these are two vesicles. The
resolution is limited by the width of the points density distribu-
tions, which in the present case is 27 nm.

Imaging of a Supported Bilayer. To demonstrate the ability of the
PAINT method in imaging of more extended shapes, we carried
out experiments on a lipid bilayer that is a relatively large object.
A supported bilayer was prepared as described in Materials and
Methods. The experiment was performed similarly to that de-
scribed in the LUV imaging section. The image size was 188 um?,
whereas the area occupied by membrane was ~124 pm?. Nile red
was added to the sample chamber to maintain a density on the
membrane that was on average 0.23 probes/um? in every 20-msec
time frame. The density is low enough that the probability of two
molecules being colocalized within the diffraction limit is suffi-
ciently low to consider with high accuracy that each fluorescent
spot on the image originates from a single probe. A total of
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Fig. 4. Image of a supported bilayer on glass, probed by Nile red. (a)
Conventional fluorescence image. (b) High-resolution synthetic image ob-
tained by locating 2,778 single Nile red probes collected in 4,095 frames.

118,163 fluorescent spots were collected in 4,095 frames at 50
frames/sec. A small fragment of the conventional fluorescent
image and the synthetic image are shown in Fig. 4, where such
structural details as the sharply defined contour of the bilayer
and separately located membrane pieces are well resolved by the
PAINT method.

As mentioned earlier, it is not essential that there are changes
in the spectroscopic properties of the probe when it binds to the
surface of the object. Almost any fluorescent probe that binds
can be used for imaging by the PAINT method. To demonstrate
this, we present an example using the fluorescently labeled
protein (transferrin) adsorbed on a clean glass surface. It is
presumed that transferrin adsorbs to the glass by an electrostatic
interaction with the negatively charged groups on the glass
surface. Not all collisions lead to adsorption, which depends on
the flux of proteins onto the surface and the ionic strength of the
solution. Transferrin protein was dissolved in 100 mM NaCl/10
mM Hepes buffer (pH 7.4) at a concentration of 1.2:10~8 M. The
protein does not bind to the neutral lipid bilayer for a long
enough time to be observed in the experiments, so with the
bilayer on the surface, only the uncovered clean glass area
immobilizes the transferrin. The deactivation of the adsorbed
probe fluorescence between successive frames was achieved by
photobleaching. The sample was continuously excited by the
laser at 1 kW/cm? power, and the recording was performed with
20-msec frame periods with the time interval between frames set
at 150 msec, an interval that was long enough to photobleach the
fluorophore before the next frame in the sequence. At these
conditions, the observed surface density of the fluorophores in
a frame never exceeded 0.05 um 2, and the probability of finding
two molecules in the diffraction limited area during one frame
was negligible. The result of overlapping of the 20,553 coordi-
nates in 4,095 frames is shown in Fig. 5. In this figure, the bright
areas originate from molecules adsorbed to the glass surface,
whereas the dark ones correspond to the membrane. The sharp
contours of the bilayer are readily visualized at subdiffraction
limited resolution. In this example, the diffusion of the probes is
sufficiently slow that the image is not affected by probe motion.
It should be emphasized that the distribution of binding sites can
be obtained at subdiffraction spatial resolution for any labeled
protein interacting with any surface using the proposed method.

Summary and Prospects. Optical wide-field imaging with subdif-
fraction resolution can fill the gap between nonoptical methods
(<1 nm) and far-field conventional microscopy (>200 nm).
Recently, several methods based on single-molecule localization
were presented (5, 6, 8) that have subdiffraction resolution along
with photon statistics limitations (8) or the requirement of very
special probes (9, 10). In this paper, we describe a method of
superresolution imaging that is also based on the principle of a

18914 | www.pnas.org/cgi/doi/10.1073/pnas.0609643104

Fig. 5. High-resolution synthetic image of the contour of a supported
bilayer. Transferrin conjugated with Alexa Fluor 568 creates the image by
targeting areas on the glass surface that are not covered by the bilayer (bright
regions), whereas the bilayer appears to be unaffected by the flux of labeled
proteins (dark area).

precise determination of the coordinates of individual fluoro-
phores for which the accuracy could be as high as 1 nm (2). In
our method, we subject the surface of the studied object to a flux
of fluorescent probes that attach transiently to the surface. The
surface density of probes is easily adjusted by varying their
concentration in the surrounding solution and/or the incident
power to levels that ensure that the fluorescent bursts are
optimally separated in time and space. The sequential localiza-
tion of large numbers of molecules (usually >10*) then defines
the shape of the object with nanometer accuracy. In the presence
of rapid diffusion of the probe, the centroid of the region
explored by the probe is measured very accurately.

We have demonstrated the PAINT technique by imaging a
supported bilayer and large lipid vesicles 100 nm in diameter. A
fluorescently labeled transferrin protein and a small environ-
ment-sensitive dye (Nile red) were used to demonstrate the
possible wide selection of probes that might be used for imaging
with this method. With the PAINT method, micrometer-sized
images were recorded in seconds. The number of points forming
the image can be as large as required to achieve the appropriate
image sharpness.

The PAINT method can be used without any modifications for
imaging objects such as cell organelles, cell membranes, and
other lipid objects. By varying the probe molecule, it will be
possible to achieve selectivity in imaging specific objects. For
example, many fluorescently labeled proteins having high spec-
ificity to particular cell compartments are commercially available
and can serve as probes for imaging. The essential requirement
of the proposed imaging method is that the probe molecules
interact with and are temporarily immobilized by the object.
Probe molecules could also be delivered to the interior of objects
by various techniques. PAINT microscopy will have applications
in imaging large molecular ensembles in vivo. The spatial reso-
lution of slow dynamical processes is also feasible by means of
PAINT.

Materials and Methods
Materials. Lipids (POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) were purchased from Avanti Polar Lipids
(Alabaster, AL); Alexa Fluor 568-conjugated transferrin and
Nile red were purchased from Invitrogen (Carlsbad, CA) and
used without purification as received. Hepes buffer and sodium
chloride were from Fisher Scientific (Hampton, NH), and chlo-
roform was from Acros Organics (Geel, Belgium).

Glass coverslips and cylinders (Fisher Scientific) were cleaned
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by sonication for 1 h in piranha solution (3:1 mixture of sulfuric
acid and 30% hydrogen peroxide) with sequential extensive
washing in UltraPure water (Millipore, Billerica, MA).

LUVs were prepared by the standard extrusion technique (15).
Briefly, 0.1 ml of 10 mg/ml POPC lipids in chloroform was
evaporated by nitrogen flow in a small glass vial to yield a dry
phospholipid film. After drying for 1 h in vacuum, the film was
hydrated in 1 ml of 10 mM Hepes buffer, pH 7.4, with continuous
stirring at room temperature for 1.5 h. After five freeze/thaw cycles,
the resulting multilamellar vesicles were extruded 21 times through
100-nm polycarbonate membranes (Whatman, Florham Park, NJ)
by means of a MiniExtruder (Avanti Polar Lipids).

Supported bilayers were prepared on a glass surface by rupturing
of giant unilamellar vesicles (GU Vs). The GU Vs were grown by the
electroformation method (17). A solution of lipids in chloroform
(10 pl of 0.2 mg/ml) were deposited on indium tin oxide (ITO)-
coated glass and subsequently dried in a nitrogen stream and in
vacuum for 1 h. The preparation chamber consisted of two ITO-
coated glass plates with a 2-mm rubber spacer between them. A
10-Hz sinusoidal voltage was applied to the electrodes at 0.5 V/mm
while the chamber was filled with 0.2 M sucrose solution. The
voltage was slowly increased to 1.5 V/mm in steps of 0.1 V every 5
min by means of a software-controlled functional generator, con-
structed around a NI-DAC board (National Instruments, Austin,
TX). Vesicle formation was continued for 1 h at 1.5 V/mm. The
growth of vesicles was visually controlled by observation using
differential interference contrast microscopy. The GU Vs were then
gently removed by a syringe and stored at 4°C. For preparation of
a supported bilayer, 1 ul of GUV suspension was added to a 100-ul
chamber (cell separation glass cylinder) containing 0.1 M NaCl in
10 ml of Hepes solution having similar osmolarity. Because of
differences in the densities of the interior and exterior solutions, the
GUVs sank to the glass bottom and either stayed attached to
surface or ruptured. The ruptured vesicles formed the uniform
bilayers used in our experiments.

Microscope. The setup, based on a commercial Olympus (Melville,
NY) IX81 inverted microscope, has been described (18, 19). The
laser beam from a Kr* ion laser (568 nm) passes through a
quarter-wave plate to generate circularly polarized light, which is
then focused with appropriate lenses onto the back focal plane of
an oil-immersion objective (Olympus X60 NA = 1.45). A lens,
coupled with a translation stage, was used to align the excitation
beam across the objective’s back aperture to achieve easy illumi-
nation, angle adjustment, and interconversion of the setup between
through-the-objective TIR and epifluorescence microscopy. The
excitation light was filtered by a laser band pass filter and a dichroic
mirror (Chroma Technologies, Rockingham, VT). Fluorescence
from the sample was collected by the objective and directed to a
CCD camera with multiplication-on-chip capability (Roper Scien-
tific, Tucson, AZ; Cascade 512F) by means of a beam splitter and
an appropriate set of band pass filters (Omega Optical, Brattleboro,
VT). With the X1.6 lens, the total magnification of the microscope
was X96, which yields a pixel size in the image plane of the camera
of ~167 nm. Specially designed LabView (National Instruments)-
based software was developed to record sequences of images with
various exposure times, frames, and collection rates. All experi-
ments were conducted in TIRFM (20) mode at room temperature.

Image Processing and Molecular Localization. All algorithms for
molecular localization were developed in house. Programs were
written by using MATLAB (MathWorks, Natick, MA) The re-
corded sequences of frames were treated in two stages. The purpose
of the first step is to find all of the fluorescent spots in a frame and
determine the approximate locations of these spots. The coordi-
nates were determined by finding the centroid of intensity of every
fluorescent spot in each frame. This process includes several steps:
2D cutoff filtering to reduce high-frequency noise of the CCD

Sharonov and Hochstrasser
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Fig. 6. Stagesinthe determination of the locations of Nile red molecules on
the surface of an LUV. (Left) Stage 1 (see text) determines the x,y coordinates
to a precision of ~50 nm. (Right) After fitting to 2D Gaussian (stage 2), the
precision becomes ~25 nm.

detector, discrimination of fluorescent spots from background by
means of a threshold value, and finding contours of equal intensity
for each spot and finding the mean x and y coordinates of the
contour. These coordinates represent the absolute position of the
fluorescent peak in the image. The coordinate precision is subpixel
and estimated to be ~50 nm, well below the diffraction limit. The
results of the first stage were then saved to file, which contains
information about the frame number and all x,y absolute coordi-
nates for each frame. This file can be used to create a synthetic
image, where the coordinates of all spots from all frames are
superimposed and represented graphically (Fig. 6 Left). The syn-
thetic image already contains details of the studied object that are
not resolvable by regular florescence imaging. The data processing
in this stage takes very little time because it does not include any
nonlinear procedures of minimization: the average computation
speed was ~118 points/sec. The areas of interest on the synthetic
image can then be chosen for more precise fitting in stage two. In
this manner, the overall time for processing can be significantly
reduced.

The second processing stage is a precise adjustment of the spot
locations from step 1. The diffraction pattern of a single
fluorophore has an Airy distribution that is well approximated
by a Gaussian (21). The exact positions of spots were determined
by fitting the PSF to a 2D Gaussian function (22, 23):

(x —x0)* v *)’0)2>

2 2
20°; 20,

I=A,+ A exp(— [1]

where [ is an intensity or PSF, x, and y, are coordinates of the
centroid, A and A, are the PSF amplitude and background level,
and o, and oy, are the width of the PSF in the x and y directions.
After subtraction of the background A,, which is flat within the
area of a single PSF, five fitting parameters, x, y, oy, 0;, and A4,
were determined by least-square algorithms. In principle, the
PSF has cylindrical symmetry (o = oy), but we treated oy and
o, independently to verify the quality of the fit procedure. The
original nonprocessed images were used as a source for fitting.
The initial parameters x, and y, were predetermined in step 1
with subpixel precision, significantly reducing the overall time
for data processing, because these parameters are close to the
final ones. To reconstruct the image, the locations of >104-10°
molecular probes were determined. The speed of the fitting for
this stage was ~14 spots/sec. The values of oy and oy in our
experiment are 0.89 pixels, corresponding to 148 nm. All points
with o, or oy, outside the range 0.4-1.4 pixels were discarded; we
also discarded points having | oy — oy | /(ox + a) > 0.15. The
final synthetic image (Fig. 6 Right) is then formed as described
above for step 1. The precision of fitting and hence the resolution
of the image depend on the background, the photon noise, and
the pixel size of the detector, but the photon statistics is the main
contribution (24). The number of emitted photons before pho-
tobleaching for certain fluorophores can exceed ~10%, in which
case the accuracy in positioning could be as high as ~1 nm (2).
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